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Background:  Shiga-toxin  E. coli infections  remain  a  public  health  concern  because  of the  severity of  the
gastrointestinal  illness  and  associated  complications.  Transmission  pathways  are  typically  elucidated
from  outbreaks,  with  foodborne  transmission  the primary  source.  However,  most  STEC  cases  are  sporadic.
This  systematic  review  aimed  to identify  the  most  common  pathways  for sporadic  STEC  transmission  and
quantify their  importance.
Methods: We  systematically  reviewed  epidemiological  studies  of sporadic  (non-outbreak)  STEC cases  that
investigated  potential  risk  factors.  Searches  were  run  in  Medline,  EMBASE,  and  Scopus.  Included  studies
needed to  conﬁrm  STEC  infection  and  investigate  ≥20  cases.
Results:  31 studies  were  included,  of which  25 were  case-control  or  case-case  studies.  62.5% found  con-
sumption  of  undercooked/raw  meat  associated  with  STEC  infection  while  70.4%  found  contact  with
animals  or  their  environment  a  risk  factor.  Random-effects  meta-analysis  provided  pooled  odds  ratios
and  population  attributable  fraction  (PAF).  The  PAF  was  19%  for undercooked/raw  meat,  followed  by
person  to person  transmission  at 15%.  Contact  with animals  and visiting  farm  environments  had  PAFs of
14% and 12%  respectively.
Conclusions: Out  of  potential  sources  for STEC  exposure,  undercooked  meat  and  contact  with  animals
and  their  environment  were  the  most  frequently  found  transmission  routes.  Decreasing  the  chances  of
acquiring  the  bacteria  by these  methods  would  additionally  cut down  on  the  other  major  transmission
route,  person-to-person  spread.
© 2016  The  Authors.  Published  by  Elsevier  GmbH.  This  is an  open  access  article  under  the CC. Introduction
Shiga-toxin producing Escherichia coli (STEC) are a group of
ram-negative bacterial pathogens that exist as normal microbiota
n ruminant animals, such as cows and sheep. STEC coloniza-
ion does not produce symptoms in these animals, but can cause
evere disease in humans. Transmission pathways include faecal-
ral, food-borne, environmental, and person to person. STEC are
haracterized by their ability to release shiga-toxin, which kills
ost cells in the intestine and can enter the bloodstream to affect
ther organs, such as the kidneys and brain. Most STEC infections
re caused by E. coli O157:H7, but over 100 different shiga-toxin
roducing E. coli serotypes are associated with human illness
∗ Corresponding author at: Norwich Medical School, University of East Anglia,
orwich NR4 7TJ, UK.
E-mail address: paul.hunter@uea.ac.uk (P. Hunter).
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.0/).BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
(Organization WH,  1995; Caprioli et al., 2005). STEC is associated
with more severe disease and increased complications compared to
other bacterial causes of gastroenteritis (Hall et al., 2008; Tam et al.,
2012; Scallan et al., 2011). Cases typically present with abdominal
cramps, vomiting, and/or diarrhea, which may progress to haemor-
rhagic colitis. About 30% of conﬁrmed cases require hospitalization
(Byrne et al., 2015a), and about 10% of cases progress to haemolytic
uremic syndrome (HUS), characterized by anaemia, kidney failure,
and low platelet counts (Gould et al., 2009).
In outbreaks (groups of linked infections), most cases relate
to contaminated food (Heiman et al., 2015; Adams et al., 2016).
However, sporadic cases comprise nearly 80% of reported STEC
infections (Thomas et al., 1996). The only previous synthesis of
evidence on sporadic cases (Strachan et al.) compared ﬁve differ-
ent case-control studies from the USA and UK between 1998 and
2004 (Strachan et al., 2006). Since 2004, screening for non-O157
has become more common. A comprehensive and updated review
synthesizing sporadic STEC transmission is warranted, including
le under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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tudies since 2004 and enhanced information about non-O157
nfection. In order to gain an understanding about which path-
ays occur most often for sporadic STEC infections, a systematic
eview of larger (20+ cases) epidemiological studies investigat-
ng exposures and risk factors leading to sporadic STEC infections
as performed. Identifying the most common pathways will aid in
evelopment of policies and procedures to help reduce the risk of
TEC infection.
. Methods
.1. Search strategy and inclusion criteria
Medline, Scopus, and Embase databases were searched through
ebruary 19th 2016 with no restrictions on date or language. Search
erms included: Bacterial- “STEC, EHEC, VTEC, O157, non-O157,
higa-toxin”; and Participants − “human”; Transmission − “trans-
ission, risk factor, exposure, contamination, outbreak, sporadic,
nfection” (full search strategy for Medline given in Supplemental
ppendix A). Eight grey literature sources were searched (Supple-
ental Appendix B); only the ﬁrst 100 hits in grey literature were
eviewed. Bibliographies of included studies were also checked for
urther References
STEC infections in humans needed to be conﬁrmed by an
pproved laboratory method, including but not limited to directly
nding the toxin in stool samples or amplifying either the stx1 or
tx2 genes from samples via PCR (Croxen et al., 2013). Any epi-
emiological study, whether descriptive or analytical, was eligible
s long as the focus was on sporadic STEC infections, with a mini-
um  20 cases to ensure that quantitative results could be extracted.
tudies had to present potential transmission data, to identify likely
ources of exposure. The protocol for this systematic review is on
ROSPERO (registration number CRD42015027593) (Kintz et al.,
015).
.2. Source selection and data extraction
All references were screened by title and abstract independently
n duplicate by EK and JB. Full texts of not-excluded articles were
ead in duplicate to make further exclusions or conﬁrm eligibility.
ligibility disagreements were resolved by discussion (EK and JB).
bstracts without full text, such as conference proceedings, were
xcluded.
Information extracted from all studies included bibliographic
etails, study location and time period, criteria used to conﬁrm
TEC infection, and ages of participants. For descriptive studies,
xposures and the percentage of participants encountering that
ransmission pathway prior to illness were recorded. For epi-
emiological studies, the selection of both cases and controls and
igniﬁcant exposures, along with their effect measures and con-
dence intervals, were extracted. For all studies, elapsed time
etween infection and interview, interview methods, and trans-
ission pathways covered in the interview or questionnaire were
lso recorded. Data were extracted by one reviewer into a standard-
zed form and veriﬁed by a second reviewer. Articles not in English
ere extracted by only one reviewer.
.3. Quality assessment
Quality assessment for the studies was based on the Newcastle-
ttawa scale that was tailored to the potential biases that could
xist in these speciﬁc study designs (Wells et al., 2016). Studies
ere judged for quality across three categories: study design, com-
arability of controls, and data collection. Within each category,
wo to four features that could inﬂuence the validity or the gener-
lisability of study results were graded on their risk of bias, as low,d Environmental Health 220 (2017) 57–67
high, or unclear. The categories are described in Supplementary
Appendix C. Studies were then labelled as either of “acceptable” or
“poor” quality depending on whether 50% or greater of the ﬁelds
had “unclear” or “high” risk of bias.
2.4. Synthesis of results
A table was created containing categories of common exposures,
including food, animal contact, water, and other environmental
transmission routes across all studies. Whether or not each study
asked about a particular exposure was documented (Supplemental
Table 1), with any statistically signiﬁcant results from each study
recorded. This let us calculate the percentage of studies ﬁnding a
particular exposure signiﬁcant (out of those that assessed that risk
factor at all). If studies provided both univariate and adjusted esti-
mates, the results of the adjusted effects were used to ﬁll in the
table. We  were concerned that whether a risk factor was identi-
ﬁed as signiﬁcant might depend on whether the study was poor
or acceptable quality; therefore, Stata was  used to perform a t-test
comparing the proportions of studies ﬁnding a risk factor associated
with STEC infection between acceptable and low quality studies
(StataCorp, 2013).
Those categories where over 50% of the studies found that
exposure as a risk factor for STEC infection were combined in a
random effects meta-analysis using RevMan software (Hedges and
Vevea, 1998; Review Manager, 2014). Any available odds ratios
were included regardless of signiﬁcance or method used for anal-
ysis (univariate vs. adjusted). If a study provided effect estimates
for several similar exposures within a category, the one most simi-
lar to those used in the other studies was used. EpiInfo 7 was  used
to calculate odds ratios when the information was available (Dean
et al., 2011). The combined odds ratios for these exposures were
used to calculate the population attributable fraction (PAF) using
the formula PAF = Pepooled * [(ORpooled − 1)/ORpooled] (Rockhill et al.,
1998). Pepooled, the proportion of exposed cases, was calculated
using OpenMeta[Analyst](Wallace et al., 2012). To assess publi-
cation bias, funnel plots were generated in RevMan and a visual
assessment made.
3. Results
From the initial search and after duplicate removal, 5952 studies
were screened on title and abstract (Fig. 1). The full texts of 51 stud-
ies were obtained and read. 29 studies met  all inclusion criteria and
were included in the review. Two  studies were identiﬁed through
a review of the bibliographies and a search of the grey literature,
raising the total number of included studies to 31 (Table 1).
Included studies were published between 1989 and 2015. Six
were descriptive studies and 21 were case-control studies. The
remaining four were classiﬁed as case-case studies; three of these
compared O157 to non-O157 infections while the ﬁnal compared
STEC infections to diarrheal controls. 13 studies came from North
America, 15 from Europe, 2 from Argentina, and 2 studies from
Australia or New Zealand. 17 studies investigated just E. coli O157
while 14 studies included other STEC serotypes. Four analysed HUS
cases as opposed to the STEC + diarrhea case deﬁnition used for the
other studies.
All studies in this review identiﬁed patients from hospitals
records or national surveillance schemes. After cases were deter-
mined, questionnaires were administered to determine likely
routes of STEC infection. Of the 25 analytic studies, a majority (19)
matched controls to the cases based on either age, gender or loca-
tion; only 13 studies used matched analysis in calculating their
results. Two studies did not present their results as an odds ratio
but instead used 2 analysis to determine association. Additionally,
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Table  1
Characteristics of Included Studies.
Reference Study Dates Country Design Outcome/STEC # cases/controls Qualitya
Bryant et al. 1989 (Bryant et al., 1989) Summers 1986
& 1987
Canada Case-control Diarrhea/O157 Diarrhea control: 52 per
group
Community control: 49 per
group
acceptable
Byrne  et al. 2014 (Byrne et al., 2014) 2009–2013 England Matched
case-case
Diarrhea/O157
and non
2300 O157/
67 Non O 157
acceptable
Byrne  et al. 2015 (Byrne et al., 2015b) 2009–2012 England Otherb Diarrhea/all 1772 cases acceptable
Coia  et al. 1998 (Coia et al., 1998) July
1992–December
1993
Scotland Descriptive Diarrhea/O157 138 cases poor
Denno et al. 2009 (Denno et al., 2009) November
2003–2005
United States Case-control Diarrhea/O157 39 cases/
78 controls
acceptable
Eklund et al. 2005 (Eklund et al., 2005) 1998–2002 Finland Descriptive Diarrhea/all 26 O157/27 non poor
Friesema et al. 2015 (Friesema et al., 2015) 2008–2012 Netherlands Case-control Diarrhea/all 130 O157/
78 non O157/
1563 controls
poor
Gianviti et al. 1994 (Gianviti et al., 1994) May  1988–
April 1992
Italy Matched
Case-control
HUS/all 43 cases/
43 controls
acceptable
Holton et al. 1999 (Holton et al., 1999) June–September
1991
Canada Matched
Case-control
Diarrhea/O157 100 cases/
200 controls
acceptable
Huber et al. 1998 (Huber et al., 1998) April
1996–March
1997
Germany Descriptive Diarrhea/all 300 cases acceptable
Jaros  et al. 2013 and Jaros 2014c (Jaros et al.,
2013)
July 2011–2012 New Zealand Case-control Diarrhea/all 113 cases/
506 controls
acceptable
Kassenborg et al. 2004 (Kassenborg et al., 2004) March
1996–April
1997
United States Matched
Case-control
Diarrhea/O157 196 cases/
372 controls
acceptable
Le  Saux et al. 1993 (Le Saux et al., 1993) June–September
1990
Canada Matched
Case-control
Diarrhea/O157 110 cases/
220 controls
acceptable
Locking et al. 2001 (Locking et al., 2001) October
1996–March
1999
Scotland Matched
Case-control
Diarrhea/O157 183 cases/
545 controls
acceptable
MacDonald et al. 1988 (MacDonald et al., 1988) May
1985–April
1986
United States Case-control Diarrhea/O157 24 cases/
48 controls
acceptable
McPherson et al. 2009 (McPherson et al., 2009) July 2003–April
2007
Australia Case-control Diarrhea/all 113 cases/
304 controls
acceptable
Mead et al. 1997 (Mead et al., 1997) July 1994 United States Matched
Case-control
Diarrhea/O157 23 cases/
46 controls
poor
O’Brien et al. 2001 (O’Brien et al., 2001) October
1996–December
1997
England Case-control Diarrhea/O157 369 cases/
511 controls
acceptable
Parry et al. 1998 (Parry et al., 1998) March
1994–February
1996
England and
Wales
Matched
Case-control
Diarrhea/O157 85 cases/
142 controls
acceptable
Pierard et al. 1999 (Pierard et al., 1999) Unclear Belgium Matched
Case-control
Diarrhea/all 37 cases/
69 controls
acceptable
Proctor et al. 2000 (Proctor and Davis, 2000) 1992–1999 United States Descriptive Diarrhea/O157 994 cases poor
Rivas  et al. 2008 (Rivas et al., 2008) 2001–2002 Argentina Matched
Case-control
Diarrhea/all 150 cases/
300 controls
acceptable
Rivero et al. 2011 (Rivero et al., 2011) December
2002–April
2009
Argentina Case-case Diarrhea/all 63 cases/
374 controls
acceptable
Rowe et al. 1993 (Rowe et al., 1993) May-August
1990
Canada Case-control HUS/O157 34 cases/
102 controls
acceptable
Slutsker et al. 1998 (Slutsker et al., 1998) October
1990–1992
United States Matched
Case-control
Diarrhea/O157 73 cases/
142 controls
acceptable
Vaillant et al. 2009 (Vaillant et al., 2009) 2000–2001 France Matched
Case-control
HUS/all 105 cases/
196 controls
acceptable
Van  Dunhoven et al. 2002 (Van Duynhoven
et al., 2002)
January
1999–June
2001
Netherlands Descriptive Diarrhea/O157 82 cases poor
Voestch et al. 2006 (Voetsch et al., 2007) 1999–2000 United States Case-Control Diarrhea/O157 283 cases/
534 controls
acceptable
Wang et al. 2013 (Wang et al., 2013) 2009–2011 Canada Case-case Diarrhea/all 154 O157/
63 non O157
acceptable
Waters et al. 1994 (Waters et al., 1994) 1987–1991 Canada Descriptive Diarrhea/O157 1484 cases poor
1987–1991 Scotland Descriptive Diarrhea/O157 505 cases
Werber et al. 2007 (Werber et al., 2007) April
2001–March
2003
Germany Matched
Case control
Diarrhea/all 29 O157/
173 non O157/
202 controls
acceptable
a Refer to text and Supplemental Appendix C for determination of quality.
b Categorical 2 analysis based on national surveillance data.
c Dissertation thesis “Epidemiological investigations of STEC O157 and O26 in New Zealand slaughter cattle, and the source attribution of human illness” containing
additional information to Jaros et al., 2013.
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9 of the 25 analytic studies presented results of either adjusted
nivariate or multivariate analysis, helping to control for potential
onfounders.
.1. Quality assessment
Only 7 of the 31 studies received a poor quality rating; 6 of these
ere the descriptive studies since they received a high risk of bias
n all categories concerning controls (Table 1, full analysis given in
upplemental Table 2). 12 of the 25 analytic studies were at low
isk of bias for all methodological items, 19 of 25 for comparability
f cases and controls, and four of 25 for exposure assessment. Two
tudies (Slutsker 1998 and Vaillant 2009) were at low risk of bias
or all items assessed.
.2. Common transmission pathways among all studies
The possible transmission routes were grouped to create sev-
ral categories of exposure. Before determining the most common
ransmission pathways, whether or not each study evaluated an
xposure route was determined (Supplemental Table 2). All 31
tudies assessed some form of beef or other meat in the diet and
7 included questions about farm visits and/or animal contact. All
ther categories included were investigated in at least two-thirds
f the studies.
To determine the most common pathways of transmission, the
ercentage of studies which assessed that exposure that found it
igniﬁcantly associated with STEC infection was calculated (Table 2;
dditional results in Supplemental Tables 3A–C). The most common
igniﬁcant exposure was undercooked or raw meat, linked to STEC of included studies.
infection in 62.5% of studies. The next most frequent pathway was
person-to-person transmission (12/21 or 57.1% of studies investi-
gating it found it was a transmission route for STEC). The “combined
animal contact” category was  created to determine the number of
studies that found any association with animals or their habitat as a
potential source of STEC infection (since it may  be difﬁcult to differ-
entiate whether or not the exposure occurred due to contact with
the animal, its faeces, or its living environment). Combined thus, the
percentage of studies ﬁnding animal contact a source of infection
was greater than the percentage of studies ﬁnding undercooked or
raw meat as a source of infection (70.4% for animal contact vs. 62.5%
for undercooked or raw meat).
3.3. Sub-group analysis
To determine if study quality affected the results of the most
commonly found pathways, the studies were split into their accept-
able and low quality rating and the percentage of studies ﬁnding
a speciﬁc risk factor as associated with STEC infection were recal-
culated for each group (see Table 3). The difference in proportion
between the studies of different qualities was signiﬁcant only for
cooked beef and dairy, indicating that study quality does not greatly
affect which of the transmission routes was  found most often in the
included studies.
Twenty-eight of the 31 studies came from one of four regions:
USA, Canada, UK, and Europe. The percentage of studies ﬁnding
a risk factor that was signiﬁcantly associated with STEC infection
was re-calculated for each of these regions to ﬁnd geographic dif-
ferences in the STEC transmission routes (Table 4; full break-down
by region in Supplemental Table 4). A few trends were apparent.
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Table 2
Results of Systematic Review with exposures split into general categories.
Food Animal Contact Animal Contact:
Combined
Water Other Environmental
Pink or
Raw Meat
Cooked
Beef
Other
Meat
Dairy Produce Farm
Visits
Contact with
Ruminants
Contact with
manure
Drinking Recreational Travel Person-to-
person
# studies ﬁnding
RFa signiﬁcant
20 7 8 8 2 10 13 6 19 8 8 6 12
#  asking about RF 32 31 29 24 24 19 24 15 27 21 20 21 21
Percentage 62.5% 22.6% 27.6% 33.3% 8.3% 52.6% 54.2% 40% 70.4% 38.1% 40% 28.6% 57.1%
a RF = Risk Factor.
Table 3
Study quality does not affect the proportion of studies ﬁnding different risk factors as associated with STEC infections.
Food Animal Contact Animal Contact: Combined Water Other Environmental
Pink or Raw
Meat
Cooked
Beef
Other
Meat
Dairy Produce Farm
Visits
Contact with
Ruminants
Contact with
manure
Drinking Recreational Travel Person-to-
person
acceptable
quality studies
63.6% 12.5% 31.8% 22.2% 12.5% 50% 45% 45.5% 66.7% 29.4% 40% 23.5% 53.3%
low  quality studies 75% 57.1% 14.3% 66.7% 0% 60% 75% 25% 83.3% 75% 40% 23.5% 66.7%
p-value  0.558 0.013 0.367 0.045 0.296 0.701 0.273 0.474 0.432 0.091 1 0.291 0.575
62 E. Kintz et al. / International Journal of Hygiene and Environmental Health 220 (2017) 57–67
Table  4
Percentage of studies from different regions ﬁnding different risk factors signiﬁcant.
Undercooked
or Raw Meat
Animal Contact:
Combined
Person-to-
person
USA 71.43% 42.876% 66.67%
Canada 66.67% 33.33% 100%
UK  50% 100% 50%
Europe 75% 75% 50%
Table 5
Odds ratios separated by STEC serogroup.
Study Pink or Raw Meata Animal Contact
Byrne 2014 O157 8.05 [1.11, 58.30] NON 3.3 [1.69, 6.40]
Friesema 2015 (< 10 yrs) O157 9.97 [2.29, 43.38] NON 5.8 [1.10, 30.75]
Friesema 2015 (> 10 yrs) O157 2.10 [1.26, 3.50] −b
McPherson 2009 O157 4.57 [1.42, 14.70] NON 5.0 [2.09, 11.99]
Rivas 2008 O157 17.64 [3.08, 100.92] O157 6.6c
Wang 2013 −b −b
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Table 6
Population attributable fractions for risk factors included in meta-analysis.
Exposure Pepooled ORpooleda PAFa
Pink or Raw Meat 0.279 3.08 [1.9, 4.99] 0.19 [0.13, 0.22]
Farm Visits 0.19 2.6 [2.11, 2.31] 0.12 [0.10, 0.13]
Animal Contact 0.204 3.02 [2.2, 4.16] 0.14 [0.11, 0.15]
Person-to-person 0.236 2.86 [1.69, 4.84] 0.15 [0.10, 0.19]
a 95% conﬁdence interval in brackets.
Table 7
Odds ratios after sugroup analysis.
Exposure ORpooleda
Pink or Raw Meat 2.07 [1.22, 3.51]
Farm Visits 2.48 [1.99, 3.09]a odds ratio given.
b no associated risk factor found.
c 95% conﬁdence interval not provided.
he UK had fewer studies ﬁnding undercooked or raw meat as a
isk factor for STEC infection while also having the highest percent-
ge of combined animal contact. This suggests that environmental
xposures play a larger role in the UK compared to other regions.
urthermore, both European and the UK combined animal contact
as high compared to North America, indicating that acquiring
TEC from contact with animals or their living environment may
e more important for UK/Europe.
Six studies split their analyses to determine risk factors for O157
nd non-O157 separately. Out of all the exposure categories pre-
iously used in Table 2, only two, undercooked or raw meat and
nimal contact, had at least three of the 6 studies reporting odds
atios for either O157 or non-O157 (Table 5). Five out of the 6 studies
ound that consuming or handling undercooked or raw meat was
ig. 2. Meta-analysis of undercooked or raw meat. For Werber, exposure to undercook
hose  under 10 had an OR of 10 (2.3–43.5), but this was not included in the meta-analysi
ossible confounders. “Not estimable” means no data relevant to this risk-factor could beAnimal Contact 2.5 [1.72, 3.62]
Person-to-person 2.0 [1.14, 3.5]
a 95% conﬁdence interval in brackets.
a risk factor for acquiring O157; none of these studies found this
exposure associated with non-O157. Three out of 6 studies found
that infection via animal contact was  associated with non-O157
strains; only one study found the opposite with more O157 cases
reporting contact with animals.
3.4. Meta-analyses
Where ≥50% of the studies identiﬁed a particular risk factor
as signiﬁcant (Table 2), available data were combined in meta-
analysis. Forest plots were created for undercooked or raw meat
(Fig. 2), farm visits (Fig. 3), animal contact (Fig. 4), and person-to-
person transmission (Fig. 5); details on the exposure investigateded or raw meat was  only signiﬁcant in age groups over 10 years old. For Friesema,
s to prevent over-representation of this study in the results. * OR was adjusted for
 extracted.
in each study is given in Supplemental Appendix DA-D.
20 case-control studies reporting odds ratios asked about the
consumption or handling of undercooked or raw meat; informa-
tion useful for meta-analysis could be extracted from 17 of these
E. Kintz et al. / International Journal of Hygiene and Environmental Health 220 (2017) 57–67 63
Fig. 3. Meta-analysis of farm visits. This risk factor was  only signiﬁcant in the Kassenborg study for children under 6 years old. The Werber study values were calculated
using  EpiInfo from data provided in the manuscript. * OR was adjusted for possible confounders. “Not estimable” means no data relevant to this risk-factor could be extracted.
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lig. 4. Meta-analysis for animal contact. For Friesema, animal contact was  only 
actor  signiﬁcant for those under three years old. Kassenborg found it signiﬁcant fo
eans  no data relevant to this risk-factor could be extracted.
tudies (Fig. 2). The combined odds ratio was 3.08 (95% CI: 1.9,
.99). Heterogeneity was high with an I2 score of 86%. To calcu-
ate the population attributable fraction (PAF) of STEC infection for
ndercooked or raw meat, the proportion of exposed cases was
alculated for each study; information was not available for two  of
he 18 included in the meta-analysis. This information was  used to
enerate a pooled proportion of exposed cases; this and the pooled
dds ratio were used to calculate a PAF of 19% (95% CI: 13–22%)
Table 6).
14 studies assessed living on or visiting a farm; information for
eta-analysis was not available for three of these (Fig. 3). The com-
ined odds ratio for visiting a farm was 2.6 (95% CI: 2.11–3.21).
eterogeneity for this risk factor was very low (I2 = 0%). To calcu-
ate the PAF, information from only one study was not availablecant for non-O157 and cases under 10 years old. Similarly, Weber found this risk
e over 6 years of age. * OR was  adjusted for possible confounders. “Not estimable”
out of the 11 used to generate the summary odds ratio, providing a
combined population attributable factor for farm visits of 12% (95%
CI: 10–13%).
18 studies provided odds ratios for contact with ruminant ani-
mals; the odds ratio was  not available from six of these. The
combined odds ratio was  3.02 (95% CI: 2.2–4.16) (Fig. 4), with mod-
erate heterogeneity (I2 = 38%). For animal contact, information on
the number of exposed cases was  available for all 12 studies used
in the meta-analysis; resulting in a combined PAF of 14% (95% CI:
11–15%).15 studies appropriate for meta-analysis investigated some
form of person-to-person transmission; odds ratios were avail-
able for 11 of these. The pooled odds ratio was 2.86 (95%
CI: 1.69–4.84) (Fig. 5), with high heterogeneity (I2 = 68%).
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Fig. 5. Meta-analysis for person-to-person transmission. The OR for Werber was calculated by combining data, given in the paper, from all age groups using EpiInfo. * OR
was  adjusted for possible confounders. “Not estimable” means no data relevant to this risk-factor could be extracted.
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vestigating animal contact, with OR plotted against SE. D. Funnel plot of studiesThe funnel plots of the studies for all four subgroups was not
symmetric around the average value, indicating publication bias in
the reported results (bias towards positive correlation: studies that
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nvestigating farm visits, with OR plotted against SE. C. Funnel plot of studies invest
erson-to-person transmission, with OR plotted against SE.
ooked for this factor but did not ﬁnd it signiﬁcant are underrep-
esented, see Fig. 6) (Sterne et al., 2011; Song et al., 2010). What is
issing in each plot are studies with high standard errors and effect
stimates lower than the group average. To determine whether the
ublication bias affected overall conclusions, a subgroup analysis
as performed (Higgins JPT GSe, 2011). The half of the studies with
he largest standard errors were dropped since they represent the
maller studies and the meta-analyses run again with only the stud-
es with lower standard errors. For all four risk factors, the odds
atio dropped but remained signiﬁcantly associated with the expo-
ure (95% CIs above one; see Table 7). Additionally, three of the four
unnel plots were more symmetrical around the pooled odds ratio;
nly person-to-person transmission still demonstrated evidence of
ublication bias similar to that which existed before the subgroup
nalysis was performed (Fig. 7).
. Discussion
Using data from large case-control or surveillance studies, this
eview identiﬁed and quantiﬁed transmission pathways most com-
only associated with sporadic STEC infections (about 80% of STEC
nfections). We  included 31 studies from four continents, most of
hich (24 of 31) had acceptable quality. Two-thirds of the stud-es included in this systematic review found undercooked ground
eef or other meat to be a signiﬁcant risk factor for acquiring STEC.
here any type of contact with animals, their living environment
r their manure were considered together. Animal contact wasting undercooked or raw meat, with OR plotted against SE. B. Funnel plot of studies
g animal contact, with OR plotted against SE. D. Funnel plot of studies investigating
identiﬁed more often than undercooked/raw meat as a potential
source of STEC.
Several intriguing results were highlighted by our subgroup
analyses. First was the potential difference in the most common
STEC transmission pathways between Europe and North America.
All the studies from the UK identiﬁed some form of animal con-
tact as a source of STEC and had the lowest reported associations
with STEC coming from undercooked or raw meat. While continen-
tal Europe found undercooked or raw meat signiﬁcantly associated
with STEC as frequently as North America, the European studies
also found higher rates of infection from animal contact. The rea-
sons behind these differences are not immediately apparent but
suggests different regions may  need to focus on different preven-
tion methods to most efﬁciently reduce the number of STEC cases.
Our results also indicate that infections from undercooked or raw
meat occur most often because of O157 strains while non-O157 is
more often associated with animal contact. Possible hypotheses for
this are variations in environmental preferences of different E. coli
serotypes or O157 having a lower infectious dose. Little research
has been done into the survival or infectious dose of non-O157
strains, but initial studies suggest little difference between O157
and the few non-O157 serotypes tested (Berry et al., 2004; Buvens
et al., 2011; Duffy et al., 2006; Large et al., 2005; Luchansky et al.,
2012; Paton et al., 1996). Still, given the large number of STEC
serotypes that can cause infections in humans, more research needs
to be performed to help address these issues.
Of the individual risk factors, preventing infections from under-
cooked or ground beef would cause the greatest single reduction in
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isease, with a PAF of 19% (although this, and the other PAFs, may
ave been distorted by publication bias). Our review estimates that
5% of STEC infections could be prevented if transmission no longer
ccurred via person-to-person contact. PAFs for farm visits and ani-
al  contact were 12% and 14%, respectively. It could be argued that
ecause the PAFs from all four risk factors are similar, intervention
trategies should target multiple transmission pathways to make
ajor impacts.
Many attributes of the primary research data may  limit our
esults. Exclusion criteria (such as history of diarrhea in cases or
ontrols) were applied inconsistently between studies. Further-
ore, each study asked about a slightly different exposure duration.
ost studies asked about 1–2 weeks prior to the onset of symp-
oms, but the full relevant exposure period range is 5–30 days
rior to infection. Shorter timeframes may  have missed poten-
ial sources of infection while longer ones possibly recorded many
xposures that were not relevant. While the geographical sub-
roup analyses revealed interesting trends, there were few studies
6 to 8) in each group. Only a small number of studies (n = 6)
ncluded exposure to both O157 and non-O157. Some studies
ould not be included in meta-analyses as information was  miss-
ng, possibly because calculated odds ratios were not statistically
igniﬁcant and therefore not reported. This, along with the likely
ublication bias, suggests that our summary odds ratios, and the
AFs based on them, are overestimated. However, the odds ratios
btained after our sensitivity analysis indicate that these four
ransmission routes are deﬁnitely associated with sporadic STEC
nfections.
In summary, by combining the results from 31 studies, this
ystematic review identiﬁed the most common transmission path-
ays for sporadic STEC infections. These included consuming
ndercooked meat, contact with animals or their environment, and
erson-to-person transmission after contact with someone with
iarrhea. One caveat to the reported odds ratios and PAF values
s combining the data from all available published studies. Our
ubgroup analysis by region suggests that different pathways play
ore predominant roles in different areas. This, combined with the
act that STEC incidence rates vary by country, indicates that case-
ontrol studies need to be performed to identify the best prevention
trategies for each country.
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